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Abetract 

We npwt erUoael) la<ge nagwtoc«U*taaee {MR) kn a loapentim Rglmc froo 1 S 

K io 300 K la Ko>nagMUC Uufy cvopounds TaP and NbP ’laP llnew MR arausd 

l.B X 1<I* at 2 K Ib • nagaelk fidd ti 9 Ttaia. w^li faribs Ulon cU Bp M L4 s 10^ 

b ■ nugseUc of Sd Ttab at LS K. Al rooo MnpBratwa tl»a MR to TaP and N)iP feUoa 
a povB to> ef the <» aUMt 1.3 *ltli tl»a \«hMi lafger il'*" 300% In a of g 

Tenia. Sncli large MR In a wMe tempenUire le^ne la wt due t« a neonance «d the 

etoircfrhcde balance, but bdiaia a r^mflb^iUrtf ne^anBm i>niU » ' 

PACS lanid)^ 77 l&Cd 71 ?Q Di TXlUib 
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Th^ of thd lo 4 Seld Us bm oar of (U prococol nuJ 

Amd&aMiilal topkr ui loottrr ph)Ws Thr zaatcnals lapf^ posltm oc 

aegottve lu^fMoMistaBcs (MR] bavr thr polmUal ^>plk&tkiar m Muorr md 

att^Mic rtora^s dsvkM Tb tU aMi rpphtoble dovMS lo ladost/y bared oa 

Giast Ma(D€tottf0(4M (GMR] Q afirct o the tbia ccanpcred of ai^fimc akasAU, 
wbicb oliiUt MR dua (o tbe cd tbe spa rcattarlof a a aafartM 

Sel^ The aitiat^ifu frr hnnnf parovabM sbowiog MacaetofsarUDCo (CUR) 

effeci ako pcMS tu^y pctaatial appluAOou Ncr^oiaciMia MtuiuatAk as 
puftcy bsuAtb grapbitr ^ and tbr tocaoKly dacoearad WTb^ ^ ahov latjo^ pcactra 
MR M Iot iaoipaMiiM doa Ic tba Moaa^a of Iha bala^ad bcdsr aad akctmia. Tlia 
fuppraasM of tbe MR at lugb teaiprrattsaa ui tbaae coapoudfi Uzaita tUv 
poaeAQal ^pbcAbona a iDdiisoy PotyoystalliM dw cbaJcocanidts aaailHt oiotktaaaly 
kfge, U&aai-SeldHlapaDtet MR at both bv afid bifb taapaMiw raflaM Q Thk 
UEonial liEMt UR was tbotifht to be a ^uacitiaD eSM dua to a harar (ba 

eE^TQ vbara tba ccoduoooa ^^leace cscai QQ. Bn a HMBwai «aact of 

ipatial CAductfvtcy fluctcactoafi ui the iDoafly inbccoogaaaoias pclyoysiata ^ 
aa^naced as wall. Racaotly lat^e UR nr also clmeed lo ^-daMt^nal (2D) Dbac 
wouoatal Cd^AS) Q aod Wtyl reaatftal TaAa Q 1 b this papar wa repcet that tba 
poteiuaal Wayl aad NbP ahov axtvaaMly iatfa MR ooac a larfa teuprrattira 

itcona up to rocEO tnapefatuse. 

Mo^phcrphldtr of niobiiuo cryatalbsa lo tbe BOOKeaUtfyiDiBeTrk^ NbA^ 

typ^y body-oecitefadteoagoarlfiTuctiua This structura latfufta raraio tcaaotioo metal 

thA cj^erygd NtA^cvp^ mimw Tbeabreaca 

of a hofiroBtaJ ou/ror ib the uait oell lewk to the intwcsioo enzartry toaabog, wbicb 
a cfucial toe raahsmg a ti ni^ rewral ^Duoatrio Weyl Muimetal Very racaatly tba 

iso^tniocural coaipotsde of IhAe, NbAs aad NbP wara leptftad to a:diibtt Qiasy mtefsetuit 
Ufotxrtha m tenua of their Weyl ramizartal bacfcgrcund, such aa eniaErely lerfa hoerr UR 
[id carrlae trobUttiea |l& l2Ci l2l| aod Bs^atm ^o^tudiaal UR loduced 

ty tha duial aooazaly Yat umy tbrtfeocaOy pradicted OKOtk peoperbts m Weyl 

aaazloietah require furthec alaboratad thsra aioaopnkthisr. We axpret this 

paper as the startiag pmat to the study of the BinlecfystalhBeEao^phcrp hides of taBtaluza 

aad MA^um 
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NbP Aiid VM prtpMd )jf sicodiioiMt^ afTw^m^ 

€kziMfity Nb/T^ ftiid hjgh^fgmty pto^pbofUfl Ifi oIm ^ UO *G be 

mo to avcftd 41 1000 br anc^hg evo Sa^ crysub 

wm via cheoucal t^p^ tra&aptft raactico tttethod to vlut %aa p^vioualy 

repoftad bat wltb dilfeMt dcpartfiMDtal ccadiUcutt to obtaio hifl^ijaalny cf)9tala. 
Tbe oyatala cJ NbP ww grawa la a tauparaciM gradMOl ttoia 760 *C (aoorca) lo 8S0 *C 
(dnk) to 7 d^ wub lha aonoantralioa of iodioa baiog S.B mf/oD^ Tha cfystak of TbP 
wora (fcwo m a tcapofatura padiam from 660 ^ (aoioca) to 930 ^ (ao^) to 9 da)9 
wiih tba coocaDtcaOoG <i balog 9.S Tlia OQ'Mla tomad b tha abapa of 

toiivu polyteptt vnb nfula^ c^oaay taccta, wltfa gray mataQIc ItiMr. TLa of 

tba cfyaUk vaiy ftooi L 2 to 2 aa abova o (ba maat o( lA 

AO tba trana^rt OMoaumafifa a%ra parlacuad os tba pobabad baii wUb ab planaa. 
Tbe ban nra polabad to HimmhgK ^ tKat tbtt rffllffinrfl at 2 K 

la aarc atagnaoc bald vaa at iaaai ^10 timaa iat^ar tbaa tba Iom( of OMearanMCft 
ui tba inatruiuaDta witb a & mA aMtatton) (a otdar to tba aida aSacta to 

tba dapandact MR luaaavazMota tba lo tbaaa uaaauMuaDta vara 

pffafpatad to ba bara (tba tha^ loo «Ub loai aUw paata 

cootaata fuDy crevaoc Hm vidtb Hv piiyvcal poparty cbaraotarcatioiie ia Idv baUa 
vara parteraad id a <^ii&cituia Daai^k Pbyaaal Proparty oiaaaiiraDicDl ayatau (PPMS-4]. 
Tbe bifl^bald alactrica] triDrpcct oiaaaiiramaate vaia oar/lad out ueiDg a putoad aiagiM 
with paisa doiatbD cd SO lus lo Wobaa NaODoal High MagDaW Field Caaar. 

Tba babd^t^batdi vanatiOD of tba temparatura dapaDdaoi CMSUvity of TaP aad NbP 
(F^ 1 A) is mkk laas ogwuti^Awt th^r vhat baa baaa c^artad id tba 3D Dkraa safaimatal 
CdaAsj ^ Above 100 K. all tba aauplee abov a R(T) (rofik wkla tba rooia 

taDiparataia rcricQvity is dilfaract from to Balov LOO tbe reauun^ of 

aaD^JeSf lor asaaiplaf Td end K8^ Ml staapac th^n ^ tba oUiara Tbis differeDca 
laade to Iba Mldual rMslMQ^ ratio (RRRs R(300 K)/R(2 K)) of 96 aod 93 to 76 aod N8 
nepactmfy, 3^ krgar tbaa Iba ot^n. WbaD alov Dtagoetia bald ((L3 T) vae appbad, 
tba teaperatura dapeDdeDl raartivtty remarkably cbaDged to aD iDeulatlcg babavior (Fi^ 
1 B). Tbio DMUl«laeulato^-llke oaoeitioD turoed oa by a ouall bald la vttb 

vbat hae beoD observed ia bmiftb aod giepbita, vbara tl^ lov^field effect v attDbntod to 
a belitiadaoad exoftoDic tracAtioo of Diraa toimoDS Q ^ Raceot theoiaUoal 
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worU uM su^gesud a po^abk niAatiitfulatiM (tiosnaoo la Weyl 

The luge MR (MR s of ThP end NbP at lugb (eoipemiifes u ebon b 

1 C aadD.TlKtsluMQftbe MRare333i;D0Tat 300K and 1.6x 10*% DUTat200K 
tor N6 and T6 re£(»a:tat4y, vhkfi are of tbe largest UR a'««^g aO Uie cofnpouuk at 
teupeiatiiis la as oIubK regiiae Tbe MR of olvet at 300 K is showa 

ifl Fig I C b* coaiparuce. The MR of ThP aad NhP at high teoipanSiifee ebovs a power 
las of MRcK * lo high caagaeoc fields (bsee of Pig 1 D), wtudi thsir vihss of 

the UR Biucfi larger t>i«» of olver chalcogerudes }oj. 

Figure 2 A aad a show eiseiiiely large, haear SeU-t^pendeat UR bdow 76 K fcs the 
T6 aad NS, lespeotmly. Strong Shubukov-de Haaa (SdH) quaanuu osciUatKiBS 
were obserted oo tbe bacfcgioiiDd of tbs lusar MR at the teiDperaturee below 16 K The 
ueasureiuiite ceTOuptoiCTatlSKina pnlse held dtov lOe UR wine of 1 f x 10* 
with ao sign of aaruraooo Tbe value of MR at9Taiid2Klel9xlO*tocT6, three 
tbies larger that of TaAs we reported jl3 and aeaily one csder of toag&itude 

larger «»<««> that of WThe |^. Tike value of MR for N6 m also laigei 'i»a" tbat la tbe 
tecetu report of NbP It le worth notbg that the values of RRR of NbP and ThP are 
much tKan those of prsetoualy reported (otnpou&A wfaidi ohiblt large MR at low 

teatperatiires. For esaaipk, MR is 2000 lor PtSu^ as 18 K and 9 T with RRR s 1036 Qj 
MR w 13U0 fior NbSb) at 2 K and OT with RRR = 4&0 MR w l?60br WIVi at 2 K 
aad 8 T with RRR » $70 ^ 

Thfi o( tiM pomr Itfr ^ fcU depdftdent MR At dl&iakt t^perMiM u 

iA6doQhl«-k«tfiUiimi:pki(PV 3C). TlMURUUMUiap«r^mb«kw7^^7BK(±^aC^ 
bed a parftbolif xo a Uom d£pdd€h£A b; ntr^nn ^ 6 croaaovei iu^ium ch^iCMmd bj 
4 CKsmr 6ald (B^) Abov» 75 K th4 MR %c 4 p9*€f*lav 

witb (ba €xpoMO( ck«a to 1.5 io 4 Itffa fafiua of teUa vhik p4r4tcljc depcudMM atill 
balov 4 crottover 6«ld 9^ 4toui 1 T (Pi( 2 C). TIm tw t4ttp4r4(ui^Hlap«zd€Cit 
cfoaaover ftaJdi ara piottad ia Fif. 2 D. al^wa 4 Aka( tamp^ratim d^a4d€BM whUa 
Bh u lAdapaftdaoi of MuparafuM. 

lo cedar to get inagbt iwh 0^^^1401114 TmHrmnMi Uua lorga MR, tbr tidd-dcp€EHi€ot 
Hail rMslazica 4t wuui t4mp€r4turc6 V44 lOMUtcd te the acccpiac T6 aod NS (Fig. S A). 
TW H 4 II rco^irtcy u pc^ltm 4od lioM-bcU^dcpcodcot 4( 300 K, 4od then alana (o bcod 
dewo 41 tower tccap€r4turtt 4iid lhao oomo omm scfo al 85 K The B 4 D nasunty fiii4U? 
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^ ppofik it k% MupiCftCum bul mi MDiiUtt 6 auU p<mm 

lifiiBi bil^vr Q.l T it 2 K 1 a c^dir to €^cici tfci mbfmAtloo of tbi ciman troa this 
noaUjMf proAkf Khi Hifl coDdocuvtty s 6^H J L + wii fimd by Adopto^ 

A t%o-wmr diitwi boa (hi two-bAAd theory Ql|, 


- 1^* .: 


(!) 


r+TOT 

wbtro r>c (fu) p, (p^) diAOte tbi ctfiiir toncisMtkfifi iAd oubllitM bM thi ilictroitt 
{bolte)^ reepicnvily Fipm 3 B shows ibt fituog cunw At lout reprMAtACm tiiaiMrAturii 
br thi Mapli TS WbM (bi tAapiiAlm us 12E K, thi hAO rwtivtty 

slawi a bok doQUAADt prcAk balov 0 T« thmbti Khi aforaatloo About ibi ilectrcitt 
b^ obtAiAid from ta^^biAd iheccy Tbi conciiitrAtioiia ol the ilicooAfi and ludii 
lA T( ttid N3 Acv A wy cuAilar tAmpiTAluii de^Mdiot pofili (tbi fifuii is i^t tbowo 
biii)^ vbkb uaktt thi Sttlof mlta with Urge UKiitilntdi^ Our reeulti ihov aU 
coACiBQACtaifl oblbh «Mk tssLpusiyM dipiAdi&ci b thi order of lO^oiA"^. Aa rbcwA 
lA Pif 3 C, tbi sobdrtliA of thi bolii b N3 AAd T6 abow a rifular probli of ttunuAl 
ix^rtAtkiti vttb utorrAa&( Mop^vicum Abow 100 K. Bdov 100 aa ilicooo cctitributiOA 
of tbi cooducUA tflaro wttb a dtiAAtiCAlly IaomIai wltb dAOiiSAg MApacatUM 
Tbi bihiVKi b Ai what obiirvid 1 a TbAi^ but the toobtUtiia us b gshBrsl lAt^ 

thit of TaAa Thi tAobdAka of tbi tw typai of CAmari Aii both lAtuiAtid babv 

ID K, with Arefflily U^h mAii frcpto IC^CAi^^ to IC^ctA^/V Thi Iaim tAobilidea 
of NbP AAd TbP bi thi fitacia {or tbib lAt^it MR thin that of ThAa |l6|. 

Ia tbi tw^hAfid tbiory^ thi UR will bw aaturatid ia a cufficiaAtly UA^Mit 

bildUOlM btbiCAMWbiD tbi diCWtfliAndhDliaAri bAlAAOill Tn th^eL t ^cAr^rMr^Ahl^ 
tbi IdR will toip OA toUowiAf tbi ^jUAdrAbc law (UR cpc with aACniAtioiL Thi 1ai^« 
UAatfUTAtid UR b TaP AAd NbP k obilouely Dot acoply dui to tbi akc ooB^holi 
biCAuai rt itroAfily diiiAtas troni tbi ^jUAdrAOc rilAtkm it aav MupacAturi Baaid oa 
tbi iAAJyu of tl^ HaQ r«atAik:i of ThP, wi copcbUid that thi liAiAr MR below 7E K 
w ecmlAtad with thi ilacooA chiODil which la doouDADt ia the HaS coAductivity m hl(h 
iAA(Ditic Tbare a/i tw p(iViiliD( oiodak {orthi emABAtlOA of tbiliDitf MR ia tbe 
polycryitAlbAi aahcr tbi qiiADtUAi model |l0( ll{ tbi Finals 

Littlivood (PL) Qiodil Q AbctkoiOi'i quAAtum bAiar MR daecribea the UAiAr 

dlapafAVi ekctroA Ia a Ursi magAitlc held bivoAd tbi ouiatUAi liDiiL wberi All tbi 
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ekctrou L<^rat LttdAU i€^ (LLL). Tbd imeaturAted ImaAT MR 

of Ttf And MbP pdiura lo blfbtft ft«ld &r b^iid the cpiutun bout^ bni it 

elao down to 1T 21C Thti lilies UR alor bids h not prediCMl b Abriko^v'j 

PL niodel the luMf MR u tbe rmK of the Buccn^iiOQ of 

the ottbilRj CMMd by the bhomoceonty, whkh ie tn pclyoyAelUiM eaaptae. 

The PL ptedicte that the croeeow nttfnetic 6M & ahovn lie posIcM ocetektioo 

witb the cceree^tiding recipeocnl wbOioee^ and the of HR at the low regune 
(dUR(T)/dB) tt propofUDonl to the mobility As then in Pig. 3 D and E, the linear 
depsdeote of dHR(T)/dH on and 1/^ leccaiMtest vUhthe PL medal AKhougb 
the mhcea^enei^ In oj^talt of IkP KbP a^iiU be much acarter than In the 
polyuTitalLna eilver ^Kfti#^pr>LHaia (be tempe?attire dependent finctuation of the "wsKiikiaa 
MDifi to affect the hnear MR in tbe predicted by tha PL model The poMr 

lav ct UR a at high tamperatuno b iindemeod at this oument 

The large UR lii^tirftH above U in a traoiwaal aetup where the direclion of tha mag« 
netk held u aSong the c^aida. When the direction of the magnetic held wae blted from 
g s ly along the ^ese to d ^ 9(r atog the n-ana, the large MR wae dramaticBlIy au^ 
petveed {Pig. 4 A and B] Whan tha magneoc Said vea parallel with the direction of tbe 
current^ negative biigitudnal UR occurred at low tamparacniw lor balov S T (meet 


of Rg. 4 A) Such negative ionpendmai MR la as wtet na otnened In ThAa, wfaKh 

i On the othar hand. «a 


wae undatstc^ aa a chiral anccaaly In Wsyl aaniimetala 
<hd not obeeive the negative bngitudinBl UR in any ^ NbP (meat of Fi^ 4 B]. 

Mnltlpla mmpkn of IhAe, IkP , NbAa and NbP have been moaeured and we only obaectvd 
the negative longrtudmal MR in tAfttAinm compoende bnt never kn niobum coenpounde 
This difference may be related with the much larger of mcmenenm between 

the Weyl nodes aith cppcoita durelitio in tAfttAiifww moncgdi^tidw ^h^n that in niobium 
monopsuciidoe in a redprocal epace |^. Further stodiee will be prtociitcd in t^ futura 
The dependent tre^uanom d tha Frcrai suifaca ware obtained the ordinary Fhet 

Fonoer Transform {FFT> analyw (Fig. 4 C}. The Farmi surfaces in TS and NS are both 
3D amaooomc aith the estrmal arena eonaling IS 3 T and IB 3 T along tbe c* 


aida^ reapecttvely Detalla of tbe anaJyM of tha SdB oadOatico will be preseaad in future 
mdies 


The MR of TeP NbP over an exUeded teinperature refine haa different power lav 





of wUb Ibd OtlM flhDVlAg MR 3 

Tbe MR {clkiws lu UjwIQ^ ka a U/g^ i^giiu£ o( maga^tic b€ld9 wUfa oo £lcD of Muradoo M 
kv MapaMOM. Tliia MR bahavea bka lha Abnla^ov'e qnaaciua Umw MR of tba 
akctroa baad b«7ond tba <|uamDi liaift, but tba dAM^ PL modal caaaot ba 6UE9>ly ralad 
out. Piaally, w [yiT tf out a pancular fieoturo rolatod mb the largo MR la tha Ncoctly 
dtf o ovttod Wsyl TLo larga^ uiiBatuiaMd traiweioo MR la ayaiazie laakae 

P 9 large thaa la (coaraL awa la tbo hjgluut uacaatio wa hava apptoaobad Soaia 
paraaetara la (ha claaa^ LAUt^Kosmch fonaola of nasUvny aboald ba sutaaquaaUy 
twAriiflarf baaad oa the ralatioa ^ TLa uHrahlgh tooUBtea aad laag (cansport lifatuaa 
|l 3 la (baao We^ aamuaatala male the maaa froa path l/m avaa graat^r tbaa Kha atacaatic 
kagtli Ig s ^^7^ (Fig. 4 D). Thifi abaonad ralaoon uapunt^iolatad 

ua^et^Craaaport padrclme aath aa aad aalib<aleatioa aot fully apphoabla 

bar^ Tha araaaialy larga aiaBa fraa path ia a\^ 3D ayaiaae will also poaa a %c 

(ha zaagDato-oaaapon aMajoaeata la maaoacopc oatartal dama with a large aaa aSact. 
Thaaa coioplkated (aatiiKS m ThF (NbP) aaad furtbar eipefuaaiiial aad tbaoxeto^aJ wieka 
(A Ju^Mata. 


AelsMwIad gtta Ota 


Wathaak Fh Waag aad Suy&ogXutorviluabkdidciiMOOfi Wa also thaakYnaalj aad Ji 
Faag tor teiag thac insmiaaota Zhaag ^ojyrcaicfl ipadal giactnida to Gtu tor hJa 
patiaal aaastaooa la (ha higl^hald laaeaurecM^ta is Wuhaa Nau^iaJ Bigli Magaetic Pxald 
Ceolar The focjact e eupgcrtad by Natuaal Base RaoaArch Pro^ato of Cbiaa (Gcaai 
Nco. 2D13CSUt«01 aai 201408230302). 

AAar aubounag of tha drafts va ooticad ones works (azagfeoaodoa probkm edaagama 
hoai two poafo about ThP aad NbP Uj 


PI A. ftovim of Uodn Pl^ala 30,1S17 (»»). 

PI C. aad 9. Wug, |ouiul of plpvla 4^ 270S (1M0) 

(aj C. aad 9 Waag^ |ouiul of ph)«lc8 4& 
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nC 1 PkiKt A' tenpeUun depondsA niMbtry be diffsut (14 npr^nts NbF uid 

T npcwsU TfeP) b too n^Belir Into. «B X't^' difiobke r***«" Car the (ODl) plaw 
^"ttP Pawt B tenpMtu^ d^endat «letivft)> far the T3 la diSvai Mi. 

laaet w tuJl all cd IhF Paol C tM UR 5» TtP utd NhP b JOO K. Tte blua, ted aad p''^ 
IhMt II [millie the UR far Ag^Tb, A^.^Se aad laAn, l ap e e tlvdy ^ Q. Pud D Um 
UK U tte eaa^ T6 la • pulu augwtk fleU u high u Sti T at 2D0 K efalK daihed Use 
■tete tte UK tv A^.^Sc loea llw Mb la adouble kgadtliBi^ phit 
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nC. 1 Paa«] A Ur^ UR TbP Ui hw t-tAa ^ nnm m iil iliii ton^mUirts bcW 

7S tC IdmI UB ^T6 In n puke na^Mtic fieU as bl^b aa Sn T at 1S tC PmbI B* MR 
of NbP beknr 7S K. Pand Ci a douUe kpMhnilc pk* ef Om MB remia Lbe {ran 

3 K M WO K. Tfce Una at S K and 900 K abov tUe daa^ ef tte powB lava MR 

a( b« and lu^ Bdila. 7^ onnvB {B| and 6^) an ■*■*>»«< a 'a fap O’ th nay* peatlkaa 
« Lbe cur'n* of tAe MR Panal D: Tla ocaaora flaUa B, and 6^ msna lonperatura. 
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T»» 

T=25K 

T-IOOK 


Et«clPA^«7«K| 


M IS 4 4 0 0^ Ott 0t> »» 

►1^1 t/cn^ f 6 ’) I ir t) 


no. 3 taad A tl»e P«li niivUvttjr «m tl»e n^betk ftaUe frca 2 K M SOO K. InM Uw 
EaU minlvtty at lilgb tenpaMvs. hsel B: Org M few Rp»ntaUue tanp«rMw« 
ItM tfe fittingctirvea fr«a M»baMl ■'^^l Pud C Uw^ tiv i (i■ iimg 
and bols la aaapltn T6 and NB No ir*— ^ ibe afecUwa vaa obtnln^ abo*« 12$ K 
la iblB navuRDest Panel Eh dMIUT)/dB v emi a pc alMnn a tlM« rrfyh~n fram 10 K to 7S X. 
Panel B B, ventua 1/u. atowk a llanr rrttfhm fram 10 K to 7S K 
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nC 1 P«aa] A' ibe ft9U>dep«i^eBL ^ ii|iiriiiii<iilln ao^Is M 3 K b T6. Uppcs 

UMt* ibe loogtludlfial UR tw TS Lmm IfiMt: Uw vletcb ^ tb sEpaiWBt*l KUip 

Pk^ B: lbfiald-depeabRmlnivUy li i r (ii n i nV Jln ■»£'>- U 2K bNS luA. NhP bcB 
aot iliov lb B«giUvv loegltudtMl UR Pud C: lb fr^tuvy Ai wd /b nrtta ta^ i 
b NS ABd T6, nap«etively Tb «tirue In (l/cM^)*A{bl u 3) b a 2 D FtasU 

ImbI. as FFT ainalyals U to hsd D' Aibt^ «f tb abnonnal Innspsl jnpcrtb la 
Rc»tly dbcov«r^ Rbl d lb TaP bally 


13 








































